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Abstract. Analysis of this century’s sea surface temperatures over  the Pacific Ocean reveals an 

interdecadal oscillation with a period of  14-17 years.  Our results show  that the well-known 

1976-77 climate regime shift is  not  unique,  but  represents one of several phase transitions 

associated with this interdecadal oscillation, also found around 1924-25,  1941-42, and 1957-58. 

The oscillation’s striking north-south  symmetry  across the equator implies strong interactions 

between tropics and extratropics. A mode  with a period  of  approximately 70 years and  an 

apparently different spatial pattern is also identified  tentatively  but  has  to  be evaluated further 

using longer time series. 

1. Introduction 

The identification of nearly  periodic components in  natural  climate variability can 

significantly increase the predictability of  the Earth’s climate system  and improve confidence in 

the  detection of anthropogenic climate change. The Pacific Ocean  is  known  to exhibit strong 

variations on interannual to  interdecadal  time  scales. The interannual fluctuations in the tropical 

Pacific Ocean are primarily associated  with  El  Niiio  and the Southern Oscillation (ENSO) 

phenomenon [Philander, 19901. Research  over  the  past two decades has  resulted  in  an established 

theory of ENSO [Neelin et al., 19981  and in predictions of the tropical  and extratropical ocean 

circulation and atmospheric patterns  associated with ENSO [Latif et  al., 19981. 

Recent studies have  started  to  describe  Pacific climate variability on time scales longer 

than  interannual [Trenberth and  Hurrel,  1994;  Zhang et al., 19971.  It has been  shown that El  Niiio 

and  La  Niiia events have quite different  features  from  one decade to  the  next [McPhaden, 19991. 

Of particular interest are the  persistently  warm  conditions over the  tropical Pacific in the early 

1990s  and  their effect on  the  tropical climate’s predictability [Ghil and Jiang, 19981. 
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Outside the tropics, the  North  Pacific climate has also undergone  several  regime shifts 

during the  20th century, particularly  around  1976-77 [Mantua et al., 19971. The 1976-77 climate 

regime shift is  associated  with  pronounced changes in the  ocean  circulation [ Deser et al., 1996; 

Zhang  and Levitus, 1997; Zhang et al., 1998; Schneider et al., 19991  that  greatly influence the 

biological  productivity [Venrick et al., 19871  and overlying atmosphere  [Gershunov  and Barnett, 

19981.  It is not  yet clear, however,  to  what  extent the 1976-77 climate regime  shift  is unique, and 

is  thus fairly unpredictable, or  merely  represents  the  rapid  phase  transition of  an otherwise rather 

regular,  and  hence  more predictable, oscillatory  mode. If the  latter  is  true,  what  is  the 

characteristic time scale of such  an  oscillatory  mode?  What is its  spatial  pattern: does it 

encompass the tropics as well as the extratropical North and South Pacific? The possible 

influence of extratropical Pacific interdecadal variability  on  the  evolution of tropical ENS0 is 

being actively debated [Latif  and  Barnett,  1994; Gu  and Philander, 1996; Kleeman et al., 19991. 

We address these questions by analyzing a 92-year (1903-1994) sea surface temperature 

(SST) time series. Singular spectrum  analysis  (SSA) is applied  to the time  series in order to 

separate and describe oscillatory modes, if present. SSA, which  is  based  on eigenvalue- 

eigenvector decomposition of a time  series’ lag-covariance matrix [Dettinger et al., 19951, can 

decompose a short, noisy time series into a (variable) trend, periodic oscillations, other 

statistically significant (but aperiodic) components, and  noise.  When  two eigenvalues are nearly 

equal and  the corresponding Principal  Components  (PCs) are in phase quadrature, they capture a 

(nonlinear) oscillation. Spatial patterns  associated  with climate regime shifts will  be related to 

the phase evolution of these oscillatory  modes. 

2. Sea Surface  Temperature  Dataset 

The Global  Ice Sea Surface Temperature (GISST) data set  [Jones,  1994; Parker et al., 

19951  is  used in the  present study. The challenge of working with a century-long SST time series 

is the  poor spatial coverage, particularly  before  1950s.  Analysis of global  averaged SST [ Ghil 

and  Vautard, 1991; Plaut et al., 19951 does not discriminate among  signals  from  individual 

basins. To isolate basin-specific  spatio-temporal  patterns  associated with low-frequency  modes 

requires the  use of multivariate signals [Mann  and Park, 1994;  Moron  et al., 19981. In order to 

avoid  the sampling problem  for  the  latter, we analyze a SST persistence  index  rather  than the 

SSTs themselves. The SST persistence  index is measured by lagged  spatial correlations, which 
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have  been  used in both atmospheric [Mo and  Ghil, 19871  and oceanographic [Namias et al., 

19881 analyses of regime shifts and  their  predictions. The lagged  spatial correlation R(t, z) at 

time t with  respect  to the time  lag T is  defined  by: 

here T(x, y, t) is the SST anomaly  at  location ( x ,  y) and time t, represents the double sum 

with respect to ( x ,   y ) ,  and the overbar represents  the  mean  anomaly  averaged over the domain. 

The original GISST dataset consists of monthly  values  on a 1" x 1' grid. The 

climatological annual cycle is  obtained by averaging for each calendar month  over the 92 years 

and  removed from the monthly time series. The resulting  monthly SST anomalies are used in 

calculating the SST persistence index as an  average  of  lagged  pattern correlations: 

S( t )  =C,R(t, 2)/12, (2) 

where x, represents the sum  over time lags  from 1 to 12 months. The domain for this calculation 

is  the  North Pacific (2OoN-60"N;  14O0E-120"W). Qualitatively the same results are obtained 

when the domain includes the  tropical  and  even  the  South Pacific. 

3. Results 

Figure 1 (dotted line) shows the monthly  values  of the SST persistence index S( t )  with a 

2-year running mean applied. Interannual  fluctuations  clearly dominate the extratropical North 

Pacific's variability, consistent with  the  recent  analysis  of  Zhang et al. [1998]. However, lower- 

frequency variability in the persistence  is  also  apparent,  with a sharp increase around  the  middle 

of the century. To isolate the lower-frequency features, we apply SSA as a nonparametric low- 

pass filter with a window  width of 500 months.  The  two leading PCs describe 38.2% of the total 

variance, and  are clearly separated  from  the  remaining  PCs,  all of  which lie  below 7% of 

variance.  Projection of the  time series onto  these  two  leading  modes  is  shown  as  the  solid line in 
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Fig.  1.  From  the first to  the  second  half  of  the century, the  North Pacific's persistence almost 

doubles: from 0.15 during the  1920s  and  1930s  to 0.30 during the  1960s  and  1970s. 

This increase of SST persistence  is  associated  with a coherent spatial structure. Figure 2 

shows the difference map  of SST anomalies subtracting the low-persistence phase  (1920-1940) 

from  the high-persistence phase  (1955-1975),  marked by the "L" and "H" signs in Fig.  1, 

respectively. Most parts of  the  North Pacific Ocean  warm from the first to the second  half  of the 

20th century, with  an amplitude that exceeds 0.4"C. A somewhat smaller warming of  0.2"C is 

seen  in the western South Pacific,  and a 0.2"C cooling is  seen  in  the eastern equatorial and South 

Pacific. The small areas of largest  warming  and  cooling  near the Pacific's northern  and southern 

boundaries and  off  Japan  may  be genuine oceanographic signals or due to the poor spatial 

sampling. Examination of the global  patterns (see Fig.  3 of  Moron et al. [ 19981) indicates that 

this  North Pacific warming exceeds  considerably the global  warming trend during 1920-1970. 

Based  on this single realization of  an alternation  between  low  and  high persistence, its near- 

periodicity is estimated to be around 70 years, close to  that  suggested by global temperatures 

[Schlesinger and Ramankutty, 19941 and climate proxy  records  [Mann et al., 19981. 

The residual  time  series  (dotted line in Fig.  3) is obtained by subtracting the SSA- 

reconstructed centennial mode above from the original  time series. In order to separate 

interdecadal variability from interannual  variations, SSA is again  applied  to the residual time 

series  with a smaller window  width of 240 months; the  results so obtained  have greater statistical 

significance. The two leading PCs  form a pair which  describes  28.8% of the residual variance, 

and are clearly separated from  the other PCs (not shown); this pair  is thus deterministic and 

oscillatory, rather than stochastic. Our spectral analysis on the SSA-reconstructed time series 

(solid  line  in Fig. 3) based on the  two leading PCs reveals a spectral  peak  with a period of 14-17 

years (not shown). On the interdecadal time scale, the SST persistence  index  over  the  North 

Pacific  varies with a range of 0.1.  With  respect  to  the  mean  persistence  of 0.25 (see Fig. 1), 

Pacific SSTs during one  decade  could  be  more (or less)  persistent  than the next decade by almost 

40%. 

Swings of our index  from  high  to  low  persistence  or  vice-versa correspond to coherent 

basin-wide patterns. Figure  4  shows SST difference maps  between  two consecutive 5-year means 

separated by two  years each, i.e., subtracting the  high-persistence  phase (earlier interval) from 
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the low-persistence phase (later interval) marked by “H” and “L” in Fig. 3, respectively. The first 

and last transitions are not  presented  because of  the insufficient data  at either end of the  time 

series. The transition  around  1941-42  is  excluded  because  it  nearly coincides with the centennial 

mode’s  transition (see Fig. I), which  has comparable amplitude (see Fig. 2). 

Among the three phase transitions centered  at  1924-25,  1957-58,  and  1976-77,  the 

interdecadal regime shift around 1976-77 (Fig. 4c) is  clearly the strongest,  with a peak-to-peak 

amplitude that exceeds 0.8”C. The transitions around  1924-25  and  1957-58 (Figs. 4a, b) are more 

modest,  but still have a peak-to-peak amplitude on the order of 0.4”C. The characteristic spatial 

pattern associated with the three transitions around  1924-25,  1957-58,  and 1976-77 is robust: 

cooling occurs in the western  and central North  and  South Pacific, while warming is seen in the 

eastern equatorial Pacific and also along the coasts of North  and  South America. In all three 

cases, there is an approximate north-south  symmetry  across the equator, slightly distorted by  the 

shape of the basin. 

4. Summary 

Analyzing this century’s Pacific SSTs, we conclude that the 1976-77 climate regime shift 

is not unique, but  represents  the single largest phase  transition of a nearly periodic interdecadal 

oscillation. Similar climate regime transitions are also  found  around  1957-58, 1941-42, and 

1924-25. We conducted several independent tests  to confirm our findings  with  the  SSA analysis. 

We compared the SSA-reconstructed interdecadal time series with  the 6-year running mean  of 

the residual time series. The time series shows  slightly  more  temporal irregularity than  the fomer, 

but the correlation between  the  two is 0.79. The regime transitions around  1957-58  and  1976-77 

have also been confirmed by  an independent, 49-year (1945-93)  time series derived from  the 

Comprehensive Ocean-Atmosphere Data Sets [Da Silva et al., 19941. 

The spatial structure associated  with  this  Pacific  interdecadal  mode  is  roughly  north- 

south symmetric across the equator. Previous studies  have  discussed  spatial patterns of  broad- 

band interdecadal variability in the  North  and  eastern  equatorial  Pacific; this broad-band 

variability’s signature in the  South Pacific and  its  north-south  symmetry across the equator have 

only  been  pointed  out quite recently [White and Cayan, 19981. The present results are 

substantially sharper in that  they capture the Pacific  basin-wide  interdecadal variability’s near 
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periodicity  and associate it clearly with a repetition of fairly abrupt  regime transitions. The cross- 

equatorial symmetry of this  well-defined  mode of variability  strongly suggests that  it involves 

both tropical and extratropical processes.  The specific pathways  linking  the  tropical  and 

extratropical signals are currently  under  intense study. The spatio-temporal evolution described 

in this study provides the needed  information  to  test  the existing hypotheses  and  to  verify 

numerical  models of Pacific interdecadal  variability. 

The centennial mode we  have  identified as changing the phase of SST persistence around 

the  middle  of the 20th century coincides with a warming of up  to  0.5"C  of  the  North Pacific from 

the century's first to its second  half.  Because the length of the time  series covers only one 

realization of this centennial mode, it must  be considered as provisional  and subject to revision 

when longer time series become available. Further understanding  and successful simulation of 

these Pacific low-frequency modes are crucial to  predict their meteorological  and biological 

consequences and  to distinguish them from anthropogenic climate change. 
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Figure Captions 

Figure 1. The original time series  (dotted  line) of the SST persistence  index during 1903-1994 

and SSA reconstruction based  on the two  leading PCs (solid line). 

Figure 2. The SST difference map  between  two 20-year means,  separated by fifteen years, 

subtracting the earlier time interval (1920-1940) from the latter one  (1955-1975). The contour 

interval  is 0.2 "C. 

Figure 3. The residual time series (dotted line) and  the  reconstruction (solid line) based on the 

two leading PCs of a second SSA analysis. 

Figure 4. SST difference maps  between  two  5-year  means,  separated  by two years each, with the 

earlier interval subtracted from the  latter  one: (a) 1919-1923  and  1926-1930,  (b)  1952-1956 and 

1959-1963,  and  (c)  1971-1975 and 1978-1982. The contour interval  is  0.2 "C. 
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